mutant strain, and that differences in the Tir C-terminal cytoplasmic domains (which are only 44% identical; Perna et al., 1998) are responsible for the inability of EHEC Tir to replace EPEC Tir functionally (Kenny, 2001) .
The mammalian actin polymerization pathways identified thus far converge at the step of actin nucleation promoted by the Arp2/3 complex (reviewed by Pantaloni et al., 2001 ). This actin nucleation activity can be triggered by binding of WASP family proteins (e.g. N-WASP; reviewed by Mullins, 2000) . N-WASP and Arp2/3 localize to both EPEC and EHEC pedestals (Kalman et al., 1999; Goosney et al., 2001) , and N-WASP is essential for the local recruitment of Arp2/3 and for pedestal formation by EPEC (Kalman et al., 1999; Lommel et al., 2001; S. Snapper, personal communication) . The ability of N-WASP to stimulate the Arp2/3 complex can be activated by Rho-family GTPases (Mullins, 2000) , but inhibitors of these GTPases do not inhibit pedestal formation by EPEC (Ben-Ami et al., 1998; Ebel et al., 1998) . It has been shown recently that the adapter protein Nck, which binds to phosphotyrosine residues via a Src homology 2 (SH2) domain, can functionally substitute for Cdc42 in stimulating N-WASP to trigger actin polymerization in vitro (Rohatgi et al., 2001) . Nck is known to be used by at least one microbial pathogen to mediate actin nucleation, as the vaccinia virus envelope protein A36R has been demonstrated to become tyrosine phosphorylated in the host cell, to recruit Nck and to promote actin-based intracellular movement by the virus (Frischknecht et al., 1999) .
In this study, we have examined differences in the mechanisms by which EHEC and EPEC Tir trigger actin pedestal formation on mammalian cells. We show that a 12-residue sequence of EPEC Tir that contains the critical tyrosine Y474 is sufficient to confer upon EHEC Tir the ability to function in an EPEC strain background. Further, we demonstrate that the host protein Nck binds to this 12-amino-acid sequence in a phosphotyrosine-dependent manner and is recruited to EPEC but not EHEC pedestals.
Results

Precise replacement of EPEC tir-cesT-eae with EHEC tir-cesT-eae results in an EPEC strain incapable of triggering actin pedestal formation
To begin a functional comparison between EPEC and EHEC Tir, EPEC and EHEC strains were constructed with chromosomal deletions in tir. As expected from previous studies (Kenny et al., 1997a; DeVinney et al., 1999) , EPECDtir and EHECDtir were each incapable of triggering actin polymerization in cultured mammalian cells, as visualized by a lack of high-intensity tetramethylrhodamine isothiocyanate (TRITC)-phalloidin staining (actin focusing) at points of bacterial contact (data not shown). These strains were then transformed with low-copy plasmids encoding HA epitope-tagged EHEC Tir or EPEC Tir, as well as the cognate Tir chaperone, CesT Elliott et al., 1999a) , and tested for the ability to focus actin after infection of HEp-2 cells. As reported recently (Kenny, 2001) , EHECDtir was complemented by either EHEC or EPEC tir, whereas EPECDtir was complemented only by EPEC tir and not by EHEC tir (Fig. 1A) . The functional defect of EHEC Tir expressed in EPEC was not caused by a defect in translocation by the EPEC type III secretion apparatus, because translocated (HAtagged) EHEC Tir was detected by anti-HA antibody stain- Wild-type Tir proteins pEHEC tir ing (Fig. 1A) ; in contrast, no HA staining was evident when EHEC Tir was expressed by an EPEC strain defective for type III secretion (data not shown). Recombinant EHEC Tir recognizes EPEC intimin with reduced efficiency compared with EHEC intimin, whereas EPEC Tir apparently recognizes both EHEC and EPEC intimin with high efficiency . Additionally, co-infection of mammalian cells with one bacterial strain delivering EHEC Tir and a second strain expressing EPEC intimin resulted in a reduced efficiency of pedestal formation by the latter strain . It was therefore necessary to test whether the expression of EHEC Tir with its cognate (EHEC) intimin in an EPEC strain background could restore actin signalling to EPEC. To exclude potential artifacts resulting from plasmid-borne protein expression, we precisely replaced the EPEC tir-cesT-eae operon from the start codon of tir to the stop codon of eae with the homologous tir-cesT-eae operon of EHEC (see Experimental procedures). To allow for an assessment of Tir translocation in this strain, termed KC12, the EHEC Tir was HA tagged (Fig. 1B) . In fact, anti-HA staining demonstrated that Tir expressed by KC12 was translocated and localized beneath bacteria bound to HEp-2 cells (Fig. 1C) . Nevertheless, KC12 was unable to focus actin (Fig. 1C) , indicating that the EHEC tir-cesT-eae operon is not capable of promoting actin pedestal formation in an otherwise EPEC background. Pedestal formation could be restored to KC12 by introducing a plasmid-borne copy of EPEC tir, but not EHEC tir (Fig. 1C) , indicating that the defect in pedestal formation by KC12 is indeed the result of differences between the Tir molecules and not between the intimin homologues, as this strain expresses EHEC intimin.
Substitution of EPEC Tir Y474 with phenylalanine, aspartate or glutamate results in loss of Tir function in EPEC but not EHEC
It was shown previously that Y474 in the C-terminal cytoplasmic domain of EPEC Tir becomes phosphorylated in the host cell, and that substitution of Y474 with either phenylalanine or serine results in loss of Tir function (Kenny, 1999; Goosney et al., 2000) . We generated a phenylalanine substitution of Y474 (Y474F), confirmed that it did not function for actin focusing when expressed in EPECDtir and also found that it was not functional when expressed in a tir deletion mutant of the EPEC-derived strain KC12 (i.e. KC12Dtir, which differs from EPECDtir by virtue of carrying EHEC cesT and eae in place of EPEC cesT and eae) ( Table 1 ). If phosphorylation of Y474 functions only to provide a negative charge at this site in Tir, then function might be retained upon substitution with a negatively charged residue. Thus, we replaced Y474 with either aspartate (Y474D) or glutamate (Y474E) and expressed the mutants in both EPECDtir and KC12Dtir. However, neither mutant promoted actin focusing by either strain (Table 1) .
EHEC Tir does not contain a tyrosine residue equivalent to Y474 of EPEC Tir, suggesting that whatever role Y474 plays in promoting actin focusing by EPEC, it is not required for actin focusing by EHEC. Consistent with this hypothesis, the EPEC Tir mutants Y474F, Y474D and Y474E each retained actin signalling function when expressed in EHECDtir (Table 1) .
A region in the C-terminal cytoplasmic domain of EPEC Tir that contains Y474 is critical for actin focusing by EPEC
The C-terminal cytoplasmic domain is the least conserved component of EHEC and EPEC Tir, sharing only 44% identity, compared with 66% identity for the rest of the molecules (Perna et al., 1998) . Kenny (2001) recently demonstrated that an EHEC/EPEC Tir chimera that contained the entire C-terminal cytoplasmic domain of EPEC Tir maintained actin signalling function when expressed in EPEC. To localize further the region of EPEC Tir capable of restoring actin signalling function to EHEC Tir when expressed in an EPEC strain background, we introduced into KC12 plasmids encoding chimeric EHEC/EPEC Tir molecules possessing 54, 93 or 149 amino acids of the EPEC C-terminal cytoplasmic domain ( Fig. 2A) . Among the three Tir chimeras tested, only the two that contained EPEC Y474 restored to KC12 the ability to focus actin upon infection of HEp-2 cells (Fig. 2B) .
Tyrosine 474 and nearby flanking sequences are required for actin signalling by EPEC Given the apparent critical role of Y474 in actin signalling by EPEC, we generated HA-tagged EHEC/EPEC Tir chimeras that contained this residue or short sequences of EPEC Tir that encompass this residue, replacing the equivalent amino acids of EHEC Tir (Fig. 3A) . To retain cognate EHEC Tir and intimin binding partners, and to avoid co-expression of chimeric and wild-type EHEC Tir proteins, these chimeras were expressed in KC12Dtir and tested by fluorescent antibody staining for translocation and tyrosine phosphorylation, and by phalloidin staining for the ability to trigger actin focusing. CLUSTALW alignment of conserved residues within the EPEC and EHEC Tir Ctermini identified EHEC residue S478 (the C-terminalmost serine shown in Fig. 3A ) as the equivalent of EPEC Y474. H/P-Tir-1aa, in which S478 is replaced by Y, was translocated (data not shown), but not phosphorylated, and did not confer to KC12Dtir the ability to trigger actin focusing (Table 1 ). H/P-Tir-7aa (Fig. 3A) , a chimera with a 7-residue sequence from EPEC Tir, was translocated, phosphorylated and elicited a diffuse F-actin signal beneath bound bacteria, but did not promote efficient actin condensation into focused pedestals (Table 1 , Fig. 3B ). H/P-Tir-12aa (Fig. 3A) , which contains a 12-residue EPEC Tir sequence, was also translocated and phosphorylated. In addition, this chimera clearly promoted actin focusing by KC12Dtir (Table 1 , Fig. 3B ). Identical results were obtained when the chimeras were expressed in EPECDtir (Table 1 ), indicating that EPEC and EHEC intimin are apparently functionally interchangeable in this strain background. These results indicate that the sevenamino-acid region encompassing Y474 contains sufficient sequence information to direct phosphorylation of Y474 in the host cell, but insufficient information to confer to EHEC Tir the ability to promote effective actin signalling when expressed by EPEC. In contrast, the 12 amino acids encompassing Y474 are not only tyrosine phosphorylated, but are also sufficient to confer EPEC Tir function upon the otherwise non-functional EHEC Tir.
To confirm that Y474 was critical for actin signalling by H/P-Tir-12aa, we tested a derivative of H/P-Tir-12aa with a phenylalanine substitution. As predicted, the H/PTir-12aa-Y474F mutant chimera was not functional in KC12Dtir or EPECDtir (Table 1 ; Fig. 3B ). In contrast, H/PTir-12aa-Y474F as well as H/P-Tir-1aa and H/P-Tir-7aa were fully functional when expressed in EHECDtir, consistent with our previous observation that this region is apparently not critical for Tir function in EHEC ( Table 1) . A. Amino acid alignment of EPEC Tir , EHEC Tir (Perna et al., 1998) , H/P-Tir-12aa, H/P-Tir-7aa and vaccinia virus A36R (Goebel et al., 1990) . Phosphorylated tyrosines (Y) appear in bold. Underlined sequences indicate EPEC amino acids used to replace EHEC Tir sequence in chimeric molecules. B. HEp-2 cells were infected with EPEC strain KC12Dtir harbouring plasmids encoding the depicted EHEC/EPEC Tir chimeras. The number listed in each chimera represents the number of residues of EPEC Tir that were incorporated into EHEC Tir. Arrows indicate the position of Y474. Y474F represents a tyrosine to phenylalanine substitution in the expressed chimera. F-actin was visualized as described in the legend to The ability of the H/P-Tir-12aa chimera containing Y474 to function in an EPEC strain background and the apparent requirement for phosphorylation of Y474 are consistent with a role for this small region in the recruitment of a host adaptor protein, presumably one that encodes an SH2 phosphotyrosine-binding domain (reviewed by Songyang and Cantley, 1995; Pawson and Scott, 1997) . In fact, the EPEC sequence immediately flanking Y474 is highly homologous to a region of the vaccinia virus A36R protein (Fig. 3A) that becomes tyrosine phosphorylated and recruits the SH2-containing adaptor protein Nck to promote actin polymerization (Frischknecht et al., 1999; Frischknecht and Way, 2001 ). We therefore tested whether Tir could interact with Nck. In gel overlay assays, purified glutathione S-transferase (GST)-Nck was probed with extracts from uninfected HEp-2 cells or from HEp-2 cells infected with KC12Dtir expressing either HA-tagged wild-type EPEC Tir, H/P-Tir-12aa, H/P-Tir-12aa-Y474F or H/P-Tir-7aa. Bound Tir was detected by antibody directed against the HA epitope, and only the Tir molecules previously shown to be capable of focusing actin, i.e. EPEC Tir and H/P-Tir-12aa, interacted with GST-Nck (Fig. 4A ). This binding was specific for Nck, as these proteins did not bind the control GST protein (Fig. 4A) . Further, H/PTir-12aa-Y474F and H/P-Tir-7aa did not recognize Nck in these assays (Fig. 4A) , suggesting that the actin signalling defect of these chimeras results from a deficiency in Nck binding.
The 12-amino-acid sequence of EPEC Tir that encompasses Y474 binds to the mammalian protein Nck in a phosphotyrosine-dependent manner
To determine whether Nck binding was mediated by the 12-residue Y474-containing sequence, three peptides were tested for the ability to bind GST-Nck in gel overlay assays: (i) H/P-Tir-12-PO 4 , a tyrosine-phosphorylated peptide that encompasses the 12-residue EPEC Tir sequence of chimera H/P-Tir-12aa; (ii) H/P-Tir-12, an identical peptide that lacks the phosphate group; and (iii) H/P-Tir-7-PO 4 , which contains the equivalent tyrosinephosphorylated sequence from the H/P-Tir-7aa chimera (Fig. 3A ). As predicted, peptide H/P-Tir-12-PO 4 bound directly to purified GST-Nck in this gel overlay assay (Fig. 4B) . Tyrosine phosphorylation was required for Nck binding, because peptide H/P-Tir-12 demonstrated no significant Nck binding (Fig. 4B) . Lastly, peptide H/P-Tir-7-PO 4 bound Nck only weakly (Fig. 4B) , further indicating that the defect in the H/P-Tir-7aa chimera in actin signalling is likely to result from a defect in Nck binding. These results are consistent with the known recognition specificity of phosphotyrosine-containing motifs by SH2 domains, which commonly depend on residues C- A. Equal amounts of purified GST ('GST') and GST-Nck ('Nck') were subjected to SDS-PAGE, transferred to PVDF and probed with lysates of HEp-2 cells, which were either uninfected ('No Tir') or previously infected with KC12Dtir expressing HA-tagged EPEC Tir, H/P-Tir-12aa, H/P-Tir-12aa-Y474F or H/PTir-7aa. Bound Tir was detected using anti-HA monoclonal antibody (see Experimental procedures). B. Purified GST ('GST') and GST-Nck ('Nck') were blotted as above and probed with biotinylated peptides corresponding to sequences shown in Fig. 3A . H/P-Tir-12aa was either unmodified ('Tir-12') or tyrosine phosphorylated ('Tir-12-PO 4 '). H/P-Tir-7aa was tyrosine phosphorylated ('Tir-7-PO 4 '). Bound peptide was detected using anti-biotin monoclonal antibody (see Experimental procedures). A Coomassie-stained version of the PVDF membrane is shown to demonstrate equal loading.
erminal to the phosphotyrosine (Songyang and Cantley, 1995; Pawson and Scott, 1997) ; the H/P-Tir-7aa chimera contains only three EPEC residues C-terminal to Y474, whereas the H/P-Tir-12aa chimera contains eight (Fig. 3A) .
EPEC, but not EHEC, efficiently recruits Nck to its actin pedestals
Given the presence of a Nck-binding sequence in EPEC Tir but not in EHEC Tir, we tested whether Nck localized to actin pedestals generated specifically by EPEC. AntiNck antibody intensely stained EPEC pedestals but not EHEC pedestals (Fig. 5A) , consistent with the absence of Y474 and the Nck-binding sequence in EHEC Tir (Fig. 3A ). An intact Nck-binding sequence was necessary for this recruitment, because Nck localized beneath bound EPEC expressing the functional H/P-Tir-12aa chimera (Fig. 5A ), but not EPEC expressing either H/PTir-12aa-Y474F or H/P-Tir-7aa (Fig. 5B) , the Tir chimeras defective for Nck binding (Figs 4A and B) .
Discussion
The inability of EHEC Tir to function in an EPEC background with either EPEC or EHEC intimin provided an opportunity to identify those features of EPEC Tir critical for function in this background. We found that an EPEC strain in which the endogenous tir-cesT-eae region was precisely replaced by the tir-cesT-eae of EHEC failed to generate actin pedestals, consistent with recent plasmidbased complementation studies Kenny, 2001) . In contrast, an EHEC/EPEC Tir chimera that contained only 12 amino acids from EPEC could function for actin signalling in this background. This 12-residue sequence contained Y474, an amino acid critical to EPEC Tir function that becomes phosphorylated after Tir is translocated to the host cell (Kenny, 1999) . Tir molecules with this sequence, present in extracts from infected mammalian cells, interacted with the host adaptor protein Nck in vitro. Furthermore, a peptide encompassing this sequence was shown to bind directly to Nck in a phosphotyrosine-dependent manner, whereas a corresponding peptide derived from the non-functional chimera that contained only seven amino acids from EPEC Tir bound Nck much less efficiently. Finally, the presence of the 12-residue Nck-binding sequence in Tir resulted in the recruitment of Nck to actin pedestals during infection of mammalian cells. Recently, Gruenheid et al. (2001) similarly demonstrated that Nck bound EPEC Tir, and also showed that EPEC was incapable of triggering actin focusing on Nck1/Nck2-deficient mouse embryonic fibroblasts.
The binding of Nck by EPEC Tir suggests several models by which the N-WASP/Arp2/3 complex actin nucleation machinery may become localized and active at sites of bacterial adherence. Nck directly stimulates N-WASP to activate the Arp2/3 complex in vitro (Rohatgi et al., 2001) , and a simple model is that Nck, after recruitment to the plasma membrane by tyrosinephosphorylated Tir, binds and activates N-WASP to trigger actin condensation. Nck and the phosphoinositide PIP 2 synergistically activate N-WASP in vitro (Rohatgi et al., 2001) , and one can also speculate that Tirmediated recruitment of Nck further activates bound N-WASP by bringing it into proximity to PIP 2 in the membrane. This model does not require stimulation of N-WASP by Rho-GTPases, as Nck and the Rho-family GTPase Cdc42 stimulate N-WASP in a functionally redundant manner in vitro (Rohatgi et al., 2001) . Thus, this model is consistent with studies suggesting that neither Rho GTPases (Ben-Ami et al., 1998; Ebel et al., 1998) nor the GTPase-binding (CRIB) domain of N-WASP (Lommel et al., 2001 ) are required for EPEC pedestal formation. It is not clear, however, how to reconcile this simple model with the observation that the polyproline region of N-WASP, which has been suggested to bind Nck (Rivero- Lezcano et al., 1995; Rohatgi et al., 2001) , is also not required for N-WASP recruitment (Kalman et al., 1999) and pedestal formation (Lommel et al., 2001) .
In alternative models, Nck may bind EPEC Tir, but may not bind directly to N-WASP during actin pedestal formation. For example, Nck bound to the vaccinia virus A36R protein is thought to recruit N-WASP indirectly by binding WIP (WASP interacting protein; Moreau et al., 2000) , a protein that interacts with both Nck (Anton et al., 1998) and WASP family proteins (Ramesh et al., 1997) . Nck also binds to other proteins that regulate the actin cytoskeleton, such as p21-activated kinase, Abl and Cbl (McCarty, 1998; Buday, 1999) . Thus, the signalling effector(s) immediately downstream of Nck during pedestal formation remain to be identified. Nonetheless, the results presented here suggest that Nck binding is one of the proximal events in actin signalling by EPEC Tir.
It is not known whether Nck clustering at the membrane by EPEC Tir is sufficient to generate the signal for actin condensation, or whether Tir has other activities that promote pedestal formation. For example, although the Nck SH2 domain is not required for maximal stimulation of N-WASP in vitro (Rohatgi et al., 2001) , the experiments described here do not rule out the possibility that Tir binding by this domain might activate Nck in some fashion. In addition, although H/P-Tir-12aa, the Tir chimera with 12 residues from EPEC Tir, was clearly competent for actin signalling, the pedestals it generated appeared to stain slightly less intensely with phalloidin than those generated by wild-type EPEC Tir (K. Campellone, unpublished observations). This apparent difference is consistent with the hypothesis that other regions of Tir have important functions in AE lesion formation. In fact, the N-terminus of EPEC Tir has been shown to bind to a number of proteins associated with focal adhesions, such as the actin-binding protein a-actinin (Freeman et al., 2000; Goosney et al., 2000) . Recruitment of these proteins might stabilize the actin pedestal and the link between the bound bacterium and the host cytoskeleton.
Our observations that EHEC tir-cesT-eae could not function in place of the EPEC tir-cesT-eae operon, even when located at the same site on the chromosome and presumably under endogenous (EPEC) regulatory control, and that Nck localized to EPEC pedestals but not to EHEC pedestals, fully support previous suggestions that EHEC and EPEC have evolved somewhat different mechanisms to activate the actin polymerization machinery (Ismaili et al., 1995; DeVinney et al., 1999; Goosney et al., 2001; Kenny, 2001 ). One attractive model is that EHEC encodes an additional factor or factors, not present in EPEC, that are required for EHEC Tir to trigger actin pedestal formation. DeVinney et al. (2001) recently demonstrated that, although the Y474-containing region of EPEC Tir was essential for actin signalling specifically by EPEC, pedestal formation by EHEC (which lacks Y474) apparently requires the delivery of an additional factor (or factors) by the type III secretion system. This putative EHEC actin signalling effector might be a LEE-encoded molecule that has co-evolved with EHEC Tir to allow phosphotyrosine (and presumably Nck)-independent pedestal formation. Conversely, this factor might be encoded outside the LEE, as suggested by the observation that a cosmid encoding the EPEC LEE can confer the pedestal-forming phenotype to non-pathogenic K-12 E. coli (McDaniel and Kaper, 1997) , whereas an equivalent EHEC LEE cosmid cannot (Elliott et al., 1999b) . Just as the current study of EPEC Tir has highlighted a role for Nck in the control of actin polymeriza-tion, the characterization of EHEC Tir and additional EHEC effectors is likely to provide further insight into pathways of actin signalling.
Experimental procedures
Bacterial and mammalian cell culture
For routine passage, all E. coli strains (Table 2) were cultured in LB media at 37∞C. For EPEC strains, media were supplemented with 100 mg ml -1 ampicillin for retention of pMAR7. For maintenance of pK184-based tir plasmids (Table 3) , media were supplemented with 25 mg ml -1 kanamycin. Before infections of HEp-2 cells, EPEC and EHEC were cultured in DMEM + 100 mM HEPES, pH 7.4, in 5% CO 2 , growth conditions shown previously to maximize type III secretion (Kenny et al., 1997b; Beltrametti et al., 1999) . HEp-2 cells were cultured in RPMI-1640 supplemented with 7% fetal bovine serum (FBS), 100 U ml -1 penicillin, 100 mg ml -1 streptomycin and 2 mM L-glutamine at 37∞C in 5% CO 2 .
Strain construction
The EHEC and EPEC strains used in this study are listed in Table 2 . All EPEC derivatives were constructed in a JPN15/pMAR7 (O127:H6) background, whereas the EHECDtir strain was derived from TUV93-0. All plasmids harbouring fragments used to create these strains are listed in Table 3 , along with descriptions of the plasmids and listings of the DNA templates and primers used for polymerase chain reaction (PCR) cloning of plasmid inserts. All primer sequences are detailed in Table 4 . Each EHEC or EPEC mutant described below was generated using bacteriophage lambda 'Red' recombination functions to promote homologous recombination between the bacterial chromosomes and electroporated linear DNA substrates in a method similar to that described for E. coli K-12 (Murphy et al., 2000) . Strain EPECDtir (KC14) was constructed using a PCR-generated DNA fragment containing the selectable marker cat, flanked by 50 bp of tir sequences. Primers 1 and 2, which were tailed with 50 bp of EPEC sequence from the 5¢ and 3¢ ends of tir, respectively, were used to amplify the cat gene from pTP883 (Murphy et al., 2000) . This linear PCR product was gel purified and electroporated into JPN15/pMAR7 (carrying the Red-expressing plasmid pTP223) to generate EPECDtir. Strain EHECDtir (KC5) was constructed similarly using Red-based techniques and will be described elsewhere (K. Murphy and K. G. Campellone, manuscript in preparation). EPEC strain KC12 was derived as follows. First, a 1.5 kb PCR product was generated using primers 3 and 4 to amplify the sequence immediately upstream of EPEC tir. A haemagglutinin (HA) tag was incorporated in primer 4 at the putative translational start of tir in this PCR product, which was cloned as a SacI-HindIII fragment into the vector pGEM7zf(+) to generate pKC13. Next, primers 8 and 9 were used to clone the 3¢ region of EPEC eae and sequence downstream of EPEC eae as a HindIII-XbaI fragment (with a NotI site incorporated 3¢ to the HindIII site) into pKC13 to generate pKC22. A NotI fragment containing the cat-sacB cassette from pKM154 (Murphy et al., 2000) was then cloned into the NotI site of pKC22 to create pKC24. A SacI-XbaI fragment from pKC24 was electroporated into JPN15/pMAR7 to produce strain KC8. EHEC tir-cesT and EPEC tir-cesT were PCR amplified using primers 5 and 7 and primers 6 and 7, respectively, and cloned as HindIII-XbaI fragments into pKC13 in frame with the sequence encoding the HA tag to yield pKC14 and pKC15 respectively. Primers 10 and 11 and primers 8 and 12 were used in a two-piece overlapping PCR to amplify a fragment carrying sequence downstream of EHEC tir featuring a precise junction of the 3¢ end of EHEC eae with the region immediately downstream of EPEC eae. This PCR product was cloned as an XhoIXbaI fragment into pKC14 (XhoI is a unique site that lies within EHEC cesT) to generate pKC32. pKC32 thus contains EPEC sequence 1.5 kb immediately upstream of the ATG start of tir and 1.5 kb immediately downstream of the TAA terminator in eae flanking the sequence encoding the EHEC versions of HA-tagged Tir, CesT and intimin. pKC32 was digested with SpeI and KpnI (sites within the 5¢ and 3¢ flanking regions respectively) to prepare the linear substrate, which was electroporated into strain KC8 to yield strain KC12. Strain KC12Dtir (KC26) was generated as follows. A SacI-XbaI fragment from pKC14 was cloned into the vector pK184 to create pKC16. Inverse PCR was performed with primers 13 and 14, using pKC16 as template, to generate an in frame deletion in EHEC tir, incorporating a NotI site at the junction point. The cat-sacB cassette derived from pKM154 (see above) was cloned into this NotI site to produce pKC117. An ApaLI-XhoI fragment from pKC117 was electroporated into KC12 to generate strain KC13. The cat-sacB marker was removed from pKC117 by NotI digestion and then recircularized to yield pKC181. pKC181 was digested with ApaLI and XhoI and electroporated into KC13 to generate KC12Dtir (KC26). Correct Produces chimeric H/P-Tir-1aa: pKC16 29 + 30 EHEC Tir S478Y and EHEC CesT pKC127 (pH/P tir-7aa)
Produces chimeric H/P-Tir-7aa: EHEC Tir pKC16 31 + 32 w/residues 472-478 (TSNSNTS) replaced with EPEC Tir residues 470-476 (EEHIYDE) and EHEC CesT pKC154 (pH/P tir-12aa) Produces chimeric H/P-Tir-12aa: EHEC Tir pKC127 33 + 34 w/residues 472-482 (TSNSNTSVQNM) replaced with EPEC Tir residues [470] [471] [472] [473] [474] [475] [476] [477] [478] [479] [480] [481] c and EHEC CesT pKC185 (pH/P tir-12aa-Y474F)
Produces chimeric H/P-Tir-12aa-Y474F and pKC154 35 + 36 EHEC CesT a. Primer numbers refer to oligonucleotides listed in Table 4 . b. NA, not applicable. c. Six residues (NTDSVV) of EHEC Tir downstream of G483 were deleted to conserve proper downstream alignments of the Tir molecules. plasmid sequences were confirmed by DNA sequencing, and proper chromosomal recombinants were verified by PCR analysis.
Construction of tir complementation plasmids
The plasmids pEHEC tir and pEPEC tir (Table 3) were constructed by subcloning SacI-XbaI fragments from pKC14 and pKC15, respectively, into pK184. The templates and primers used in the construction of plasmids encoding Tir chimeras and point mutants are listed in Table 3 . Primer sequences are given in Table 4 . The Tir chimera plasmids pHtir505/Ptir54, pHtir461/Ptir93, and pHtir402/Ptir149 were constructed by first performing inverse PCR using pEHEC tir as a template and primers designed to generate deletions in EHEC tir sequence that incorporate a unique KpnI site at the deletion junction. PCR products were gel purified, digested with KpnI, ligated and cloned in E. coli DH5a. PCR products encoding sequence from the 3¢ region of EPEC tir were generated with KpnI tails and cloned into the KpnI sites of the above EHEC tir deletion plasmids to generate the desired chimeras. Correct sequences of plasmids were confirmed by DNA sequencing. All short tir chimeras (Fig. 3 ) and point mutants (Table 1) were constructed by PCR using EHEC or EPEC tir plasmids as templates and self-complementary oligonucleotides as primers. Briefly, oligos designed to generate the desired mutations were used to amplify the relevant tir plasmid, and PCR products were gel purified and transformed into DH5a. The nucleotide changes within the resulting tir plasmids were verified by DNA sequencing.
Bacterial infections and immunofluorescence microscopy
To assess actin pedestal formation by EHEC and EPEC, subconfluent monolayers of HEp-2 cells grown on 12 mm glass coverslips were infected with ª 5 ¥ 10 5 bacteria in RHFM medium (RPMI supplemented with 20 mM HEPES, pH 7.4, 0.5% D-mannose, 2% FBS and 2 mM L-glutamine) for 3 h, washed twice with PBS and incubated for a further 3 h in fresh media. Monolayers were washed five times with PBS, fixed for 30 min with PBS + 2.5% paraformaldehyde, permeabilized for 5 min with PBS + 0.1% Triton X-100, washed three times with PBS and treated with mouse antiphosphotyrosine monoclonal antibody (mAb) PY99 (Santa Cruz) diluted 1:100 or mouse anti-HA mAb HA.11 (Covance) diluted 1:500 for 30 min. Monolayers were then washed three times, incubated with Alexa 488-conjugated anti-mouse IgG (Molecular Probes) at a dilution of 1:200 and 1 mg ml -1 TRITC-phalloidin (Sigma) for 30 min, washed three times with PBS and 
Nck-binding assays
The plasmid used to overexpress the GST-Nck fusion protein (Rohatgi et al., 2001 ) was a gift from S. Rankin and H. Ho. GST and GST-Nck proteins were purified on glutathione cross-linked agarose beads according to the manufacturer's instructions (Sigma). Infected HEp-2 cell lysates were prepared as follows. Ninety per cent confluent monolayers of HEp-2 cells grown in six-well plates were either left uninfected or infected in RHFM with 2.5 ¥ 10 6 bacteria per well of KC12Dtir harbouring pEPEC tir, pH/P-tir-12aa, pH/Ptir-12aa-Y474F or H/P-tir-7aa for 3.5 h. Monolayers were then washed twice with PBS and incubated for a further 1.5 h in fresh media. Monolayers were again washed twice and incubated for one additional hour in RHFM supplemented with 50 mg ml -1 gentamicin to kill bacteria. Monolayers were lifted with PBS + 0.2 mM EDTA, washed once with PBS and lysed in 50 mM HEPES, pH 7.4, 0.5% glycerol, 50 mM NaCl, 1% Triton X-100, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulphonyl fluoride (PMSF) and 10 mg ml -1 each of aprotinin, leupeptin and pepstatin (Sigma). To assess the ability of full-length Tir molecules to interact with Nck, 1 mg per lane of purified recombinant GST-Nck or GST was subjected to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were then blocked in PBS + 5% milk (PBSM) for 30 min before treatment with HEp-2 lysate probes. Equal amounts of lysate (the equivalent of one infected well) were diluted into 1 ml of PBS + 0.2% BSA + 1 mM Na 3 VO 4 and incubated with membranes for 3 h. Lysates were removed, and membranes were blocked in PBS + 5% milk (PBSM) for 1h, followed by treatment with anti-HA antiserum (diluted 1:1000 in PBSM) at 4∞C overnight. Membranes were then washed twice with PBS and three times with PBS + 0.5% Tween-20 before treatment with anti-mouse IgG antiserum conjugated to alkaline phosphatase (diluted 1:5000 in PBSM; Promega) for 2 h. Membranes were washed three times with PBS + 0.5% Tween-20, soaked in Tris buffer (100 mM Tris, pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ) for 10 min and developed with BCIP/NBT. Each binding assay was performed three independent times and yielded indistinguishable results.
High-performance liquid chromatography (HPLC)-purified Tir peptides were purchased from the Tufts University School of Medicine Microsequencing Core Facility. Each peptide contained an amino-terminal biotin, an AHA spacer and a Tir amino acid sequence. The sequence of the tyrosine-phosphorylated peptide H/P-Tir-12aa-PO 4 was QVPEEHI(Y-PO4)DEVAADPG. Peptide H/P-Tir-12aa consisted of the identical sequence, but without the phosphate group added to the tyrosine. Peptide H/P-Tir-7aa-PO 4 contained the tyrosine-phosphorylated sequence QVPEEHI(Y-PO4)DEVQNMG. To analyse Tir peptides for direct interaction with Nck by gel overlay assay, 1 mg per lane of purified recombinant GST-Nck or GST was subjected to SDS-PAGE and transferred to PVDF membranes. Membranes were blocked in PBS + 5% milk (PBSM) for 30 min, followed by a 2 h incubation with 5 mg ml -1 Tir peptide in PBS + 0.2% BSA + 0.5 mM Na 3 VO 4 . Membranes were washed three times with PBS, blocked with PBSM for 30 min and incubated with antibiotin antiserum conjugated to alkaline phosphatase (diluted 1:5000; Sigma) for 2 h, then washed and developed as described above. Each binding assay was performed three independent times and yielded indistinguishable results.
